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Introduction: Large basaltic volcanoes, such as
Olympus Mons on Mars, and the Hawaiian volcanoes
on Earth, are thought to be subject to large scale slope
failure and flank collapse, which scatter landslide and
avalanche debris (a.k.a., aureole deposits) about the
base of the edifice [1], [2], [3], [4], [5]. Volcano
growth may also be accompanied by gravitational re-
laxation of the edifice, referred to as volcanic spread-
ing. This deformation is accommodated by outward
flank displacement along a low-angle décollement near
the base of the edifice, and thrust faults that surface at
the distal edge of the volcano [6], [7]. Volcanic
spreading is well documented in Hawaii [8], [9], and
accounts for extensive anticlinal ridges and frontal
scarps that border the submarine toes of the flanks
[10], [11], [12]. A prominent scarp at the distal edge
of Olympus Mons, may have a similar origin as the
terrestrial flanking benches [7], [13], a hypothesis that
can be tested by dynamic modeling of volcano defor-
mation. Here, we carry out numerical simulations us-
ing the Discrete Element Method to explore the conse-
quences of landsliding and volcanic spreading. The
resulting models compare favorably to morphologic
features noted on Olympus Mons, suggesting the im-
portance of volcanic spreading in this setting.

Background: The enormous Olympus Mons
measures 600-800 km in diameter, and reaches up to
23 km in height [13]. A steep scarp, up to 10 km high,
encircles much of the lower flanks of the volcano [13].
Although the frontal scarp occurs at a remarkably con-
stant distance from the summit, it is locally embayed,
where outboard, well defined aureole lobes radiate
from the base of the edifice. The association of aureole
deposits and the scarp re-entrant suggests that the for-
mer derived from the collapse of the lower bench [13].

The volcanic flanks above the frontal scarp com-
monly exhibit concave up profiles, with the steepest
slopes below the summit, and nearly horizontal slopes
just behind the perimeter scarp [13]. Concentric ter-
races upon the upper flanks are interpreted to mark
thrust faults at the downslope edges of slumps [14].
Similarly, shallow slopes above the basal scarp may
reflect uplift, folding, and rotation above thrust faults
at the base of edifice [6], as interpreted in Hawaii [6],
[10], [11]. Continuous small scale detachment from the
outer slopes of the frontal ridge would maintain the
steep frontal scarp. Occasional larger slope failures

may breach the lower flanks, spreading debris in front
of the broken edifice to form the aureole lobes.

Discrete Element Method: The discrete element
method (DEM) simulates an assemblage of discrete
particles that interact with each other according to fun-
damental contact physics [15], [16]. Contact forces are
summed for each particle, and an finite-difference ap-
proach is used to solve Newton's equations of motion
for each particle. Several contact laws can be used,
yielding a range of material rheologies. For these ini-
tial simulations, we use a Hertz-Mindlin contact the-
ory, wherein particles respond elastically to normal
forces at their boundaries, and contact shear forces are
limited by interparticle sliding friction up [16]. In our
2D simulations, round particles enhance particle roll-
ing, limiting assemblage strength [16]; In order to at-
tain realistic shear strengths, particle rotations are re-
stricted throughout the volume. Energy is dissipated at
the contacts by viscous or force damping [15].
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Figure 1. Initial and subsequent particle configurations for
displacement of coherent flank. Final image shows deepe-
seated landslide detachments in red.

Numerical Simulations: Our simple 2D experi-
ments employ identical starting conditions: an angle-
of-repose wedge of cohesive, frictional particles simu-
lates surface lava flows and fragmental basalts banked
against a vertical wall defining the mobile interior of
the flank. To simulate a tectonically active volcanic
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flank, the bounded side of the volcanic wedge is dis-
placed at a steady velocity. Experiments examine the
consequences of several deformation sequences, and
the associated responses to variations in mechanical
parameters, such as Hp, interparticle cohesion, and ba-
sal sliding friction, puy. Here, we review two scenarios:

Lateral flank displacement. The bounding wall is
moved at a constant rate toward the wedge, imposing a
state of compression (Fig 1a). Slip occurs along the
base of the wedge, transferring deformation to the toe,
where thrust faults approach the surface. The over-
steepened flank thins through intermittent activation of
a deep seated slumps (Fig 1b and c), which sole into
the deep sliding surface, and contributes to displace-
ment of the toe. Steady displacement of the homoge-
neous, coherent flank produces a stable, planar slope,
predicted by critical Coulomb wedge theory [18]. No
frontal bench is evident (Fig 1b and c).
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Figure 2. Initial and subsequent particle configurations for
disintegrative slumping (red particles) and bench growth.
Final image shows thrusting within bench in red.

Sector collapse and flank displacement. The intro-
duction of a weak landside detachment within the
wedge enables disintegrative failure of the upper flank
(Fig 2a), shedding avalanche debris in front of the mo-
bile wedge (Fig 2b). With continued displacement, the
wedge plows into the flanking apron, overthrusting,

uplifting, and back-rotating apron strata to build an
anticlinal ridge (Fig 2c and d). The flank develops a
concave up slope profile, steepest at the headwall of
the failure scarp, and gentlest above the deforming
debris apron. With continued thrusting, oversteepen-
ing leads to small-scale detachment of the bench outer
slope, forming minor scarps (Fig 2d). An interesting
secondary effect of overthrusting and uplift of the toe
of the flank, is the progressive stabilization of the
slopes of the upper flank, which become buttressed by
the frontal bench Differing structural geometries can
be produced by varying material strengths, and by pre-
venting wholesale collapse the upper flank prior to
bench growth. In all cases, the presence of loose land-
slide debris at the base of the sliding flank, however,
leads to the growth of the frontal bench — a feature
lacking in the previous simulations (Fig 1).

Conclusions: In summary, our simple experiments
indicate that the combined effects of slope failure, de-
bris avalanching, and lateral flank displacement, can
generate the outer bench and scarp morphology ob-
served along the perimeter of Olympus Mons. This
sequence is consistent with interpretations of similar
morphologic features on Kilauea and Mauna Loa vol-
canoes in Hawaii [11], [12]. Although our model con-
ditions are very simplified, they demonstrate the im-
portance of the dynamic interplay between landsliding
and volcanic spreading, The Mauna Loa aureole de-
posits, which hint of past slope failures, may also have
been necessary ingredients in the formation of pe-
rimeter scarps, which in turn have stabilized the vol-
canic edifice. The important similarities between
Olympus Mons and better studied terrestrial examples,
such as Hawaii, suggest that we may productively ex-
pand this analogy to clarify the dynamic evolution of
Olympus Mons volcano and its aureole deposits.
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